Routine HPLC analysis for ascorbic acid
Introduction
It is a well-known fact that the exposure of plants to unfavourable environmental conditions such as drought, high or low temperature, heavy metals, salt stress or pathogen attack increases the production of reactive oxygen species (ROS), thus inducing oxidative stress. Plants have developed various mechanisms to protect themselves against these toxic oxygen intermediates. One of the most important nonenzymatic antioxidants is ascorbic acid (AA). AA appears to be universal in photosynthetic eukaryotes, occurring in the cytosol, chloroplasts, vacuoles, mitochondria and cell wall (33) . FW in Arabidopsis (3), but these values depend on tissue type, plant age, time of day at sampling, and light intensity (13) . In certain alpine plants, ascorbate leaf concentration reach 45 μmol g -1 FW (35) , and the chloroplasts of alpine plants have been reported to contain up to 10 times the amount of ascorbate found in lowland plants (36) . This compound occurs in both reduced (AA) and oxidized [dehydroascorbic acid (DHA)] forms; the former relatively unstable in aqueous environments, but generally the reduced form remains available under normal physiological conditions. AA has the ability to donate electrons and is able to detoxify reactive oxygen species either by direct chemical interaction or through reactions catalysed by ascorbate peroxidase. Changes in ascorbate levels were reported under various environmental stress conditions, such as exposure to UV-B stress (1), high light intensity and drought (36) , salinity (22) , water and cold stress (19) , heavy metal stress (8) and also wounding (16) . AA may influence several processes in order to protect plants against oxidative damage (12; 16; 29) , for example maintaining the photosynthetic apparatus (5), delaying the senescence of the leaves and protecting chlorophylls and carotenoids (28) .
It was also demonstrated that AA probably improves the growth of stressed plants through its effect on the contents of proline and soluble sugars, by its antioxidant action and its role in cell division and expansion (9) .
Several problems may arise during the analysis of AA and DHA in plant extracts. The compounds have been shown to be degraded, to bind to proteins, and also to be inter-converted by oxidation/reduction during extraction and analysis (35) .
Numerous analytical methods have been reported in the literature to quantify the amount of AA in biological samples, with various detection limits ranging from M (27) to nM (12; 23) or even lower (24) . High-performance liquid chromatographic (HPLC) procedures have also been developed for AA quantification, but mostly in human and food samples, in fruit and vegetables (11; 34; 30; 26) or only in Arabidopsis There is thus a need for a rapid, sensitive method for AA and DHA analysis in crop plant tissues. The reported methods are very diverse with regard to the eluent.
Most of them use phosphate buffer, phosphoric acid, acetate buffer, methanol, acetonitrile or a combination of these, either in isocratic or gradient mode. The present paper recommends a quick, accurate and low-cost sample preparation procedure and an HPLC method with photodiode array (PDA) detection, using isocratic elution, suitable for the routine analysis of AA in various plant leaf tissues, with a high daily sample number and a low detection limit. The control of the Waters HPLC components, and the collection and evaluation of the data were managed using Millennium32 software on a Windows-based computer.
Materials and methods

Reagents, chemicals and instrumentation
Plant material
Seedlings of Columbia-0 (wild-type) and vtc2-1 (a vitamin C-deficient mutant) Arabidopsis (Arabidopsis thaliana L.) plants grown at 21 °C for four weeks were used for the detection of different ascorbic acid levels.
Two-week-old wheat (Triticum aestivum L.) plants grown in hydroponic solution were used for experiments on the storage of plant material. Leaves of wheat plants were ground in liquid nitrogen and extracted either immediately or after 7 days of storage at -80 °C. For the Cd stress experiments the plants were treated with 1 mM Cd(NO 3 ) 2 for a week, after which the leaves and roots were used for analysis.
Sample preparation
0.5 g leaf material was ground with a pestle in liquid nitrogen in a mortar and extracted with 3 ml of 5% meta-phosphoric acid. The homogenate was centrifuged at 10000 g for 10 min at 4 °C and the supernatant was collected for the analysis of AA and DHA.
Total AA was determined after the reduction of DHA to AA using DTT, and the concentration of DHA was estimated from the difference between total AA and native AA. The reaction mixture for total AA contained a 950 l aliquot of the supernatant and 50 l of 40 mg ml -1 DTT. AA was determined in a similar reaction mixture, except that 50 l distilled water was added instead of DTT. After incubation for 25 min at room temperature in the dark, 10 l of the mixture was injected onto the column.
Chromatography method
Separation was achieved with isocratic elution using 0.1% TFA (pH 2.7). The analysis was carried out by injecting 10 l of the reaction mixture onto a Hyperprep HS C18 250x4.6 mm column (particle size 8 m, pore size 100 Å) (ThermoFisher Scientific Inc., Waltham, MA, USA) connected to a 10x4 mm Hypeprep HS BDS C18 100 Å 8 m drop-in guard column using a flow rate of 1 ml min -1 . The column temperature was maintained at 30 °C and the autosampler temperature was kept at 8°C. The run time was 7 min both for the standard and for the samples. AA was detected with PDA at 244 nm (spectrum Figure 1) . Under these conditions the AA peak was eluted in around 5.4 min.
An external standard calibration curve ( Figure 2 ) was used to quantify the AA in the samples.
Statistical analysis
The data are presented as the mean values of 5 repetitions. The data were statistically evaluated using the standard deviation and Student's t-test methods.
Results
Sample preparation and reaction mixture
A number of factors have a negative influence on the stability of AA (e.g. light, a rise in temperature, increased pH, and the presence of oxygen or metal ions). It is therefore necessary to reduce the influence of these factors to a minimum (21) . Brown Eppendorf tubes were used during sample preparation, the dark brown vials during the HPLC analysis which appeared to protect the AA from natural light. Sample extraction with liquid nitrogen, followed by centrifugation at low temperature (4 °C) seemed to be suitable conditions for sample preparation. Most methods involve sample extraction under acidic conditions, as the precipitation of protein leads to satisfactory AA recovery and stability. To provide an acidic pH, MPA was used for sample preparation. One basic requirement for accurate measurement is the addition of a reducing agent, which was DTT in the present. DTT was also added to the standard solutions. Although the incubation of the reaction mixture was carried out at room temperature, the samples were stored in the autosampler at 8°C up until the time of HPLC analysis, which was performed at 30 °C.
Method development
The mobile phase was optimized in order to obtain the best separation in the shortest time at the lowest cost. In the first round of method development 1mM hexadecyltrimethylammoniumbromide (HTMAB: as an ion-pair reagent) and 0.05 % NaH 2 PO 4 .H 2 O:water (3:7) was tried as a mobile phase, but was found to have several disadvantages; for example, an aqueous solution of HTMAB tends to foam strongly, while the phosphate buffer often crystallises in the capillary tubes. Therefore, an easier and safer eluent, 0.1 % TFA (pH 2.7) was chosen. A UV-VIS PDA detector was used for the detection of reduced AA. To select the wavelength giving maximum absorbance the spectra of AA was checked ( Figure 1 ) and 244 nm was selected for detection. To % after a week is storage (Figure 7. ).
Application of the method to plants during stress 3.3.1. Determination of ascorbic acid in wild type and AA-deficient Arabidopsis mutants
To test the method, the AA contents of AA-deficient (vtc2-1) and wild-type (Col-0) Arabidopsis plants were measured. The total AA content was less than 1 mol
FW in the seedlings of Col-0 (Figure 8a) , and approx. 12 % of this value in vtc2-1.
The amount of DHA was one order of magnitude less than that of the reduced form in Col-0. Although the AA level was lower in the vtc2-1 mutants, the DHA/AA ratio was much higher in these plants than in Col-0 (Figure 8b ).
Determination of ascorbic acid in wheat plants during Cd stress
The amount of total AA in wheat leaves was approx. 2.4 mol g FW in the roots under control conditions. The levels of both DHA and AA increased significantly during Cd stress in the leaves, but not in the roots (Figure 9a) . In contrast the DHA/AA ratio was low in the leaves and did not change during Cd stress, while this ratio was higher in the roots and increased during stress (Figure 9b ).
Discussion
For the measurement of antioxidants in biological materials it is desirable to have a single, reliable and relatively inexpensive method. Numerous methods have been reported for the determination of AA. Every reported method is shown to find application in the analysis of one or the other type of samples mainly from pharmaceuticals, fruits, vegetables and biological fluids (for example blood) (2). These samples contain much higher amounts of AA and only its total amount has been measured. For plant physiology experiments it is also important to detect the reduced and oxidised forms separately to obtain a picture of the plant redox status. The successful determination of AA and DHA depends on proper sample handling, the quantitative reduction of the compound and the accurate quantification of both the reduced form and total AA. In addition, although electrochemical detectors may be more suitable for detecting the low amounts expected in physiological samples, they are not always available in the laboratory. The most commonly used detector is the UVvisible detector. Several organic solvents (e.g. methanol and acetonitrile) were used in recent studies, but in routine analysis these mobile phases are expensive, and are also considered as significant pollutants. In the present method the sample preparation is simple and prevents AA oxidation and degradation, while the analytical parameters are sufficient. Storage was also tested and it was found that the total AA extracts could be stored for more than a week at 8 °C and the reduced form was also stable for three days.
By contrast, degradation was observed in leaf tissue samples stored at -80 °C for a week. Plant extracts can be stored for a few weeks at -80 °C.
In leaves of Arabidopsis thaliana the ascorbate concentration is about 5 μmol g -1 FW (15), but this value depends on the type of tissue, plant age, the time of day when samples were taken, and light intensity (13) . In the present case the total AA level of the Arabidopsis seedlings was less than 1 μmol g -1 FW, but this was extracted from young seedlings grown at relatively low light intensity. In the case of wheat it was found that the oxidative stress caused by Cd elevated the level of AA in the leaves, while the DHA/AA ratio increased in the roots. DHA is reduced to AA by dehydroascorbate reductase (DHAR) in a reaction requiring glutathione as an electron donor. The capacity to efficiently recycle DHA into AA can be critical under stress conditions, when AA is being rapidly consumed. The ratio of AA/DHA may reflect the survival potential of a plant under stress conditions (38) . Changes in the AA/DHA ratio were reported during senescence and aluminium, salt and drought stress (4; 25; 17; 20) .
It can be concluded that a simple, economical, selective, precise, and stable HPLC method has been developed for the detection of ascorbate in plant tissue.
Statistical analysis proved that the method is precise, reproducible, selective and specific for the analysis of AA. The sensitivity, the short retention time and the simple isocratic elution mean that the method is suitable for the routine quantification of AA in the case of a high daily sample number. The method has been found to be better than previous methods, because of the use of an economical, readily available mobile phase, UV detection and the lack of complicated extraction procedures.
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